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BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to adaptively biased radio frequency amplifiers using a power 
detector control circuit and an adaptive bias method for radio frequency amplifiers based on 
the use of a power detector control circuit. 

2. Description of the Related Art 

In order to accommodate high data-rate transmission for the third generation (3G) 
wireless communication, spectrally-efficient variable-envelope modulation schemes are 
employed. The hybrid phase-shift keying (HPSK) adopted for the wideband CDMA 
(WCDMA) standard is one example. Spectral regrowth due to the transmitter circuit 
distortion is to be strictly limited. This often translates to stringent and challenging linearity 
requirements for the radio frequency (RF) amplifiers, which locate at the very end of the 
transmitter chain and are tasked to handle the highest signal levels. 

Another important, although conflicting, design criteria is the amplifier power 
consumption. Since RF amplifiers consume a significant share of the battery power in a 
mobile device, their power efficiencies have a direct and determining impact on the talk time. 
Further complicating the issue, not only should the efficiency be maximized at the peak 
power level (without compromising the amplifier linearity), it should also be kept high during 
power backoff. It is because in, for instance, the WCDMA standard, power control 
(attenuation) is continuously and adaptively enforced so that the strengths of the transmit 
signals arriving at the base station are equalized regardless how far the mobile devices are. 

In summary, the amplifier should exhibit high average efficiency to prolong battery 
life. The amplifier's bias should be adaptive: For small signal condition, the quiescent cun-ent 
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should be kept to its minimum to enhance the efficiency. For large signal condition, the 
current should automatically rise such that high linearity is achieved. 

To that goal. Class AB (or B) bias is traditionally employed. It is commonly 
implemented by an inductor bias feed. Figure 1 illustrates the bias circuit on a common- 
emitter RF amplifier. The base inductor implements the so-called constant-voltage bias. As 
input power (P^^) increases, the average collector (and base) current will rise while the base- 
emitter voltage stays constant. 

Therefore, what is needed are adaptively biased radio frequency amplifiers using a 
power detector control circuit and an adaptive bias method for radio frequency amplifiers 
based on the use of a power detector control circuit to overcome these and other problems 
associated with the related art. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 
Figure 1 . Depiction of an inductor base bias feed. 
Figure 2. Depiction of a self base bias control circuit. 
Figure 3. Depiction of a resistor base bias feed. 
Figure 4. Depiction of a dual bias-feed circuit. 
Figure 5. Depiction of emitter degeneration by inductor and resistor. 
Figure 6. Depiction of a WCDMA Two-stage RF driver amplifier. 
Figure 7. Depiction of a power detector bias control circuit. 
Figure 8. Depiction of an F driver amplifier chip microphotograph. 
Figure 9. Graph showing the measured RF driver amplifier current consumption 
versus input power. 

Figure 10. Graph showing the measured gain compression of the driver amplifier 
versus input power. 

Figure 11. Graph showing the measured ACPR of the driver amplifier (Pout = 
3.5dBm). 

Figure 12. Graph showing the measured driver amplifier ACPR results. 

DETAILED DESCRIPTION OF THE INVENTION 
The present invention is directed to a novel design of a power detector control circuit. 
It provides cunrent boost to supplement the quiescent current of the RF amplifier at high 
power level. The circuit is low-power, compact, stable, and digitally programmable. It is 
capable to provide Class AB-like bias on an amplifier with resistor degeneration. It has been 
experimentally demonstrated to effectively improve IdB compression and the ACPR 
performances on a WCDMA RF driver amplifier without increasing the quiescent current 
consumption. 
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The present invention also provides an adaptive bias method for RF amplifiers. 
Based on a power detector control circuit, the scheme is simple, area-efficient, low-power, 
stable and digitally-programmable. It is particularly useful when the amplifier features 
resistive degeneration. The technique is experimentally demonstrated on a RF driver 
5 amplifier of a WCDMA mobile phone transmitter. It is shown that the amplifier linearity and 
compression performances are substantially improved without an increase in the quiescent 
current. By achieving a RF amplifier with higher average efficiency, the invention would 
increase the battery life of the wireless device. 

The circuit of Figure 2 extends this concept and implements a "self base bias 

10 control". The proposed bias circuit, shown in Figure 2. is the combination of a constant base 
voltage (inductor) circuit and a PMOS current mirror circuit with a constant current source. In 
the large signal condition, the PMOS current mirror will feed back (and amplify) the increase - 
in base current, thus giving rise to an even higher base current boost. The bias circuit is 
compact and can be readily integrated. It has demonstrated to increase the amplifier output 

15 IdB compression point (P^^e) by 2.4dB under the same quiescent current. However, the 
approach is >S-sensitive. And because of the inherent current feedback action, it can 
potentially run into instability. So, stability criteria (which ensure that the final current 
multiplying ratio is bounded) have to be rigorously ensured under all process and 
temperature corners. 

20 An integrated base bias inductor consumes a lot of silicon area. Bias feed using a 

resistor is a common alternative. This is shown in Figure 3. In order to provide adequate RF 
signal blocking, the resistor (R) is usually designed as several KQ. Unfortunately, the Class 
AB action is hindered. It is because any increase in the base current of the common-emitter 
amplifier would cause a voltage drop at the base. The subsequent base-emitter voltage {\/te) 

25 compression at large signal condition would greatly limit the current boost. The higher the 
resistor value, the more the bias circuit resembles a constant-current bias (where the 
collector current could not rise as P/„ increases). 

To mitigate this, a "dual bias feed" scheme was proposed as shown in Figure 4. As 
the RF signal increases, the drop on \4e will increase the voltage drop across the reference 

30 diode and, therefore, increasing its current. This will, in turn, compensate the \4e 

compression and raise the collector cun^ent The scheme was demonstrated on a low-noise 
amplifier (LNA). It achieved a Pi^b improvement of 5dB as compared to a simple resistor 
feed LNA. The bias is also very compact for integration, and it is more stable than the 
previous work. However, it lacks the flexibility of programmability. which is necessary to 

35 compensate for the inevitable process variations. 

For linearity improvement or matching purposes, RF amplifiers commonly employs 
emitter degeneration as shown in Figure 5. The degeneration can be in the form of an 



-3- 



Docket No.: 60021010-0036 

inductor (Le) which allows higher (swing below ground) signal handling capability, or a 
resistor degeneration (Re) which is far more compact in silicon area. While both schemes 
mentioned above would provide Class AB action with Le degeneration, they will fail with Re. It 
is because the resistor would raise the emitter voltage (while the base voltage stays 
constant) as soon as the transistor current starts to rise. The resulting Vte compression 
would then substantially limit the current boost effects. 

Thus, the present invention provides an adaptive amplifier bias method based on a 
"power detector control" circuit. The scheme is simple, area-efficient, low-power, stable and 
digitally-programmable. Moreover, it functions with amplifiers with either inductor or resistive 
degeneration. To demonstrate the concept, we have implemented it in the first stage of a 
WCDMA mobile phone transmitter RF driver amplifier. Those of skill in the art will also find 
the innovation generally applicable to other types of RF amplifiers design. 

Power Detector Control Circuit 

Figure 6 shows the low-power driver amplifier for the W-CDMA mobile phone 
transmitter applications. The amplifier is a two-path two-stage single-ended design. The first 
stage incorporates a cascode amplifier (for variable gain), while the second stage is a 
common-emitter (CE) amplifier (for power match). The first and the second stage features 
resistor and inductor emitter degeneration, respectively. As discussed before, the bias 
circuits should adaptively adjust current consumption to achieve good linearity performances 
for large signal condition, and maintain high efficiency during power backoff. 

To that end, the CE amplifier, which has an inductor degeneration, employs a 
conventional constant voltage (Class AB) bias (Bias2). An active buffer circuit is used in 
place of an inductor to save silicon area. The buffer presents a high impedance at 2 GHz, 
and a near-zero impedance at dc. 

While the active buffer is very effective to provide current boost in the second stage, 
it will fail in the first stage (cascode amplifier) due to the resistor degeneration. As explained 
eariier, the emitter resistance will compress the base-emitter voltage as soon as the current 
goes up, thus substantially limiting the Class AB action. 

To achieve an adaptive current bias for the cascode amplifier, we employ a power 
detector control circuit shown In Figure 7. It senses the differential input signals for the 
cascode amplifier through two capacitors (Ci, C2). They are of small values (50fF) to 
minimize loading to the main cascode amplifier. Simulations show that the gain loss is about 
0.2dB, which is deemed negligible. 

Signal detection is accomplished by two bipolar devices (Qi, Q2) configured as 
common-emitter amplifiers. They are biased with very low quiescent cun^ent (20mA). As a 
result, their collector currents (h, I2) will be clipped very easily and drastically during large 
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signal conditions. When that happens, the average current (Uve). or the dc part of the clipped 
currents, will rise above the quiescent current level (Icq). That is, lave = 'oq + A'- The higher the 
signal level, the bigger the resulting average current. 

Notice that the two collector currents (Iqi, Icg) are differential in nature. While having 
5 the same average current, their (RF) signal components are 180° out of phase. Therefore, 
when the two currents are summed at the drain of transistor Mi, the signal part is eliminated. 
The current of Mi (Imi) then contains twice the average current. In summary, Imi is 
proportional to the input signal level. 

When such heavy current clipping occurs, a host of harmonic and intermodulation 

10 distortion components are generated. Signal combinations at the drain of Mi would remove, 
to the first order, all the even-order distortions. However, the odd-order components would 
stay (with the dc component, Uve). If Imi is directly fed back to the main cascode amplifier to 
supplement its quiescent current (lcqi), the distortion components will modulate with the RF 
signal and degrade the amplifier linearity performances. So, they need to be adequately 

15 filtered. 

Lowpass filtering is carried out on the current Imi by a single pole located between 
the gates of Mi and M2. The values of R|p and Cip are selected such that the pole frequency 
is low enough to provide sufficient rejection to the distortion components. However, if the 
pole frequency is set too low, the average current will not response fast enough with the 

20 signal envelope, defeating the purpose of the adaptive bias control. In our WCDMA amplifier 
where the signal bandwidth is about SMHz, the pole is set at 1 .4MHz (with R|p = 18KD, dp = 
6.4pF). Simulations and experimental results have confirmed it is a good compromise 
between good distortion removal and fast envelope tracking. 

After the low-pass filtering, Imi is mirrored to the drain of M2 with a 1 :1 ratio. The 

25 quiescent current (2lcq) is to be subtracted at the collector of Q3. The resulting current is 
delivered to the collector of transistor Q4. The Q4 collector current, Iq4, equals 2lave - 2lcq = 
2AL At this point, we have derived a dc current (IQ4) which is directly proportional to the 
amplifier input level Pin. The core signal detection operation is accomplished. 

The current Iq4 is then mirrored by Q4 and Q5. The current mirror ratio of 1 :4 will 

30 magnify the current boost effects of the power detector control bias on the cascode amplifier 
for a given input level. Transistor pair M3-M4 will then reverse the direction of the current 
flow, and deliver the dc current to supplement the quiescent current (lcqi ) at the bias 
network the cascode amplifier. 

The mirror ratio between M3 and M4 is designed to be digitally programmable. This 

35 allows flexibility and controllability to the current boosting effects on the amplifier to account 
for process and temperature variations. The total transistor size of M4 is eight times bigger 
than that of M3. Depending on a 2-bit digital control, either 8, 6, 4, and 0 units of M4 can be 
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disconnected. Therefore, the mirror ratio can be digitally programmed to be either 1:0 (which 
effectively disables the power detector control circuit), or progressively increase to 1:2, 1:4 or 
1 :8. In summary, the power detector control can supplement the quiescent current of the 
cascode amplifier by 0, 16, 32 or 64 times Al, where A\ is proportional to Pjn. 
5 Since current boost is not dependent on the amplifier base current or the output 

power, there is no feedback, and the scheme is inherently stable. The circuit consumes low- 
power (dc current of 200mA), and is compact in silicon area. As will be illustrated in the next 
section, the power detector bias control is effective to enhance the amplifier linearity at high 
output power level, without increasing the quiescent current consumption at small signal 
10 level. 

Experimental Results 

The driver amplifier Is fabricated in IBM's 0.25um SiGe BiCMOS process. It 
measures 2x0.9mm^. The chip microphotograph is shown in Figure 8. The power detector 

15 bias circuit is very compact. It measures 0.5x0. 1mm^, or only 3% of the total amplifier area. 

The measured amplifier gain is 16dB. It consumes a total quiescent current of 9mA 
(differential path) under 2.7V supply. Figure 9 displays the measured current consumption of 
the amplifier versus Input power. Additional current is provided to the cascode amplifier 
when the detector current mirror ratio is enabled, verifying the adaptive bias's correct 

20 functionality and programmability. Figure 10 shows the resulting amplifier gain compression. 
Due to the dynamic bias, the gain compression is compensated by the gain expansion. It 
significantly improves the output IdB compression point by 3.5dB (from 9.2 to 12.7dBm). 

The dynamic bias scheme also improves the RFVGA linearity. Figure 11 shows the 
output spectrum with an actual W-CDMA signal at the maximum average power level of 

25 3.5dBm. The 3^- and the 5*^-order intermodulaton distortion products would cause adjacent 
channels to appear at 5 and 1 0MHz offsets. These "skirts" get reduced when the detector is 
turned on. The higher the current boost, the lower they become. The detector circuit has 
improved the adjacent channel power ratio (ACPR) by 6dB, and the measured ACPRs at 5 
and 10MHz equal -43 and -59dB, respectively. They meet the specifications (-33 and -43dB) 

30 with comfortable margin. The measured ACPR at 5MHz offset versus output power is plotted 
in Figure 12. The power detector bias control scheme is providing linearity improvements 
over a wide range (10dB) of output levels. 

In conclusion, the power detector control circuit described in this Disclosure is shown 
to be a very effective way to improve amplifier linearity without increasing the amplifier 

35 quiescent current. By sensing the input power and providing current boost to the amplifier at 
high signal level, it improves the linearity and compression performances without increasing 
the quiescent bias current. The adaptive bias circuit is low-power, compact, and is perfectly 
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suitable for silicon integration. Since it only senses the input power and not the base current, 
it Is stable and beta-insensitive. The scheme is digitally programmable, and provides Class 
AB-like bias even to an amplifier with resistive emitter degeneration. Those of skill in the art 
will recognize that the present invention will find applications in RF amplifier design where 
high linearity is to be achieved with good efficiency. It is particularly useful when digital 
programmability is desired, or the amplifier features resistive emitter degeneration. 

Other Embodiments 

The detailed description set-forth above is provided to aid those skilled in the art in 
practicing the present invention. However, the invention described and claimed herein is not 
to be limited in scope by the specific embodiments herein disclosed because these 
embodiments are intended as illustration of several aspects of the invention. Any equivalent 
embodiments are intended to be within the scope of this invention. Indeed, various 
modifications of the invention in addition to those shown and described herein will become 
apparent to those skilled in the art from the foregoing description which do not depart from 
the spirit or scope of the present inventive discovery. Such modifications are also intended 
to fall within the scope of the appended claims. 
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